,4-Benzoquinone is cytotoxic in V79 Chinese hamster cells and induces gene mutations and micronuclei. The cell-damaging effects of quinones are usually attributed to thiol depletion, oxidation of NAD(P)H, and redox-cycling involving the formation of semiquinone radicals and reactive oxygen species. To elucidate the role of these mechanisms in the genotoxicity of 1,4-benzoquinone, we measured various genotoxic effects, cytotoxicity, and the levels of glutathione, NADPH, NADH, and their oxidized forms all in the same experiment. 1,4-Naphthoquinone, which does not induce gene mutations in V79 cells, was investigated for comparative reasons. The quinones had a similar effect on the levels of cofactors. Total glutathione was depleted, but levels of oxidized glutathione were slightly increased. The levels of NADPH and NADH were reduced at high concentrations of the quinones with a simultaneous increase in the levels of NADP + and NAD +. Both compounds induced micronuclei, but neither increased the frequency of sister chromatid exchange. Only 1,4-benzoquinone induced gene mutations. This effect was observed at low concentrations, where none of the other parameters studied was affected. When the cells were depleted of glutathione prior to treatment with the quinones, the induction of gene mutations and micronuclei remained virtually unchanged. We conclude that a) induction of micronuclei and glutathione depletion by the two quinones are not linked causally, b) 1,4-benzoquinone induces gene mutations by a mechanism different from oxidative stress and glutathione depletion, and c) glutathione does not fully protect the cells against the genotoxicity of quinones.
Introduction
1,4-Benzoquinone, a metabolite of benzene, is a potent mutagen in V79 Chinese hamster cells (1) . The reason for this effect is not known, but it may involve one or several of the following mechanisms. Quinones are electrophiles and may undergo addition reactions with nucleophiles (Michael reaction). Indeed, when 1,4-benzoquinone was incubated in buffer with deoxyguanosine, adducts were formed (2) . Alternative target structures are thiol groups and other nucleophilic moieties in proteins. Quinones may be metabolized to semiquinone free radicals, e.g., by oneelectron reduction or by two-electron reduction and subsequent one-electron oxidation (3) . The resulting semiquinone radicals are chemically reactive and may react directly with the target structure in the cell. Alternatively, they may transfer their unpaired electron onto other molecules, e.g., onto molecular oxygen leading to superoxide, or onto superoxide leading to hydrogen peroxide. Superoxide and hydrogen peroxide are not stable in biological systems and may give rise to the formation of additional reactive forms of oxygen. Superoxide, for example, may disproportionate to hydrogen peroxide singlet oxygen. Mutagenic activity was observed with hydrogen peroxide, added at high concentrations (> 1 mM) to V79 cells (4) . In this context, it is important to know that one molecule of quinone may give rise to the forrnation of numerous molecules of active oxygen, since transfer of the electron from semiquinone to another molecule results in reformation of the quinone, which is now available for new redox cycles with radical formation.
The aforementioned active species are dealt with by a number of detoxification systems. Thiols, such as glutathione (GSH), which is present in cells in large concentrations, are excellent reactants for the Michael addition. Moreover, the velocity of the conjugation of GSH with quinones may be strongly enhanced by GSH transferases (5) . GSH, in the presence of GSH peroxidase, is also a principal system for the detoxification of hydrogen peroxide, the products being water and glutathione disulfide (GSSG) (6) . Treatment of cells with quinones can lead to the exhaustion of the cellular GSH pool (7, 8 ). This exhaustion is not only critical because the toxic species are then no longer detoxified by this system, but also be-cause GSH is important in various additional physiological processes, including Ca2 + homeostasis (7) .
Loss of GSH through conjugation is usually irreversible. On the other side, GSH may be regenerated from GSSG by GSH reductase, with concomitant oxidation of NADPH. NADPH and NADH, depending on the reductases involved, are also oxidized in the redox cycling of the quinones. The levels and redox states of the pyridine cofactors therefore are additional cellular systems which may be disturbed by quinones (9).
From these reflections, possible mechanisms for the toxicological effects of quinones may be classified into three groups, depending on vvhlkther they result from a) direct reaction of the quinone or a metabolite with the cellular target structure; b) reaction of a secondary reactive species, e.g., derived from oxygen, with the target; and c) dysfunction of cellular processes owing to disturbances in cofactor pools. Even if mechanisms a and b held, it is possible that an effect becomes significant only after depletion of GSH, the cofactor used in the detoxification. We therefore studied cofactor levels, toxicity, and mutations in 1,4- for 6 days in normal medium, with one subculture in the middle of this period. After the expression time, they were replated at a density of 106 per 150-mm dish in medium containing 6-thioguanine (7 ,ug/mL) for the selection of the mutants (6 replicate plates) and at a density of 100 cells per 60-mm dish in medium without 6-thioguanine for the determination of the cloning efficiency (3 replicate plates). The plates were fixed and stained and the colonies were counted after about 7 days (cloning efficiency) or 10 days (6-thioguanine resistance).
Results
Concentration Dependence of the Effects of 1,4-Benzoquinone 1,4-Benzoquinone induced a 100-fold increase in the mutation frequency, from 4 to 415 x 10-6 ( Table 1 ). This effect is similar to that observed previously (1); however, substantially higher concentrations were required in the present study. This may be explained by differences in the protocols related to the duration of the exposure (1 hr versus 24 hr in the previous study) and cell density (2.5 x 107 versus 1.5 x 10'/mL) during the exposure. (The cell density may be important, since 1,4-benzoquinone accumulates in the cells, and since the cells may detoxify part of the test compound.) Mutagenicity was detected even at the lowest concentration (2.5 j.M), but the effect per concentration unit appeared to be lower than at high exposure concentrations.
Induction of micronuclei and cytotoxicity were observed only at higher concentrations, 35 and 100 IAM, respectively. Moreover, the maximum increase in the frequency of micronucleated cells above control (2.5-fold) was much weaker than the increase in the frequency of 6-thioguanine-resistant cells (100-fold). No effect on sister chromatid exchange was detected at any concentration level. Appreciable effects on the cofactors were seen only at cytotoxic concentrations of 1,4-benzoquinone (> 100 PM), which were about 40 times higher than those required for detectable induction of mutations (Table 2) . At these concentrations, the contents of reduced cofactors, GSH, NADPH, and NADH, were markedly decreased, and the levels of the oxidized cofactors, GSSG, NADP+ and NAD +, were increased. In the case of the pyridine cofactors, the increases in the levels of the oxidized form accounted for 2 50% of the missing reduced cofactors; the additional GSSG could explain only about 5% of the loss of GSH. The decrease in the GSH level cannot be attributed to unspecific leakage of the plasma membrane, since then a similar loss of NAD(H) and NADP(H) would be expected to occur. It appears more likely that GSH was conjugated with quinone.
It has to be emphasized that observable effects on the cofactors required much higher concentrations than for the induction of mutations. Even cytotoxicity did not appear to result mainly from disturbance in the cofactor levels, since their impairment at the LC50 (approximately 100 ,uM) was minimal.
Effects of 1,4-Naphthoquinone 1,4-Naphthoquinone did not induce gene mutations (Table 3). Apart from this, it was similar in its effects to 1,4-benzoquinone, even with respect to the concentrations required (Tables 3 and 4 ).
Cytotoxicity and Genotoxicity of 1,4-Benzoquinone in GSH-Depleted Cells Pretreatment of V79 cells with diethyl maleate at concentrations of 20 and 100 1M led to a decrease in the GSH dDetermined after an expression period of 6 days. eDetection limit. (this table) and various parameters for cytotoxicity and genotoxicity (Table 3) were determined. However, the cofactor levels were not determined in the 2.5-MM treatment group. bExpressed as molar equivalents of GSH.
level to 19 and 4% of the control value. The treatment in itself was weakly cytotoxic, but did not produce a significant induction of micronuclei or mutations. (The differences from the values of the untreated cultures were within the usual variation in controls.) 1,4-Benzoquinone showed enhanced cytotoxicity in these GSH-depleted cells (Table 5 ). The effect was similar at both concentration levels of diethyl maleate and equivalent to an approximately 2-fold increase in the concentration of 1,4-benzoquinone. GSH depletion had no detectable effect on the induction of micronuclei and had little effect on the induction of gene mutations by 1,4-benzoquinone. At low mutagen concentrations, the mutation frequency in the cells pretreated with diethyl maleate at the high concentration was higher than in the unpretreated cells. However, the difference may be within normal variation and, in any case, would be equivalent to a less than 2-fold increase in the 1,4-benzoquinone concentration.
Discussion
In the present study it has been shown that 1,4-benzoquinone induces gene mutations in V79 cells at normal cofactor levels. This result implies that a) the mutations are not due to disturbances in the cofactor levels. The same conclusion can be drawn from the lack of mutagenicity of 1,4-naphthoquinone and diethyl maleate, compounds which led to profound changes in cofactor levels; and b) GSH, at physiological levels, does not fully protect the cells against the mutagen. The results do not rule out partial detoxification, which may even be gathered from the hyperlinear concentration-response curve and from the loss of GSH. However, as the mutageniicity was similar in cells with very different GSH levels, nonenzymatic detoxification [being of first order for GSH (8)] appears to be unimportant. Enzymatic detoxification would be compatible with our results, provided the Km for GSH was markedly below its physiological concentration.
From the diverging results with 1,4-benzoquinone and 1,4-naphthoquinone, it may be inferred that the inductions of gene mutations and micronuclei are mechanistically independent effects. However, as for the gene mutations, disturbances in cofactor levels are neither sufficient nor required for the formation of micronuclei. Moreover, over wide ranges of cellular GSH levels, similar numbers of micronuclei were induced by 1,4-benzoquinone, implying that the micronucleus-inducing species (which may be identical to or may be different from the gene mutation-inducing species) is not detoxified in a reaction of first order for GSH.
1,4-Benzoquinone and 1,4-naphthoquinone led to similar, weak increases in the GSSG level. If one accepts that this effect reflects detoxification of active oxygen, then it follows that the gene mutations, observed in 1,4-benzoquinone-treated cells, were not elicited by active oxygen. Elsewhere, 1,4-naphthoquinone should have been mutagenic as well. Active oxygen is, however, a possible candidate for the micronucleus-inducing species.
The third biological effect studied was cytotoxicity. Here again, the comparison of the active concentrations argues against the hypothesis that the toxicity results from thiol depletion and/or from pyridine cofactor oxidation. In contrast to our findings in V79 cells, cytotoxicity of menadione and 1,4-benzoquinone in isolated rat hepatocytes was observed only after the cellular defense mechanism had become exhausted and the cofactor levels were impaired (7) (8) (9) . For examples, cytotoxicity of 1,4-benzoquinone and its methylated congeners did not occur unless the hepatocyte GSH levels were depleted by at least 90 to 95%. A possibly important difference between the cell systems is that hepatocytes are resting cells, whereas V79 cells proliferate rapidly. In addition, the measure for cytotoxicity was different. What was determined in the hepatocytes was the immediate effect, reflected in the permeability of the plasma membrane to trypan blue. In contrast, our experiments included delayed cell killing, and even inhibition of cell proliferation. While depletion of GSH was not the actual cause of In summary, 1,4-benzoquinone is a potent mutagen in mammalian cells. Mutagenic effects occur at low, virtually noncytotoxic concentrations. The mutagenicity does not result from disturbance of cofactor levels, nor do reactive forms of oxygen appear important. Exhaustion of a detoxification system, which would imply a threshold concentration, is not required. These findings support the hypothesis that 1,4-benzoquinone and 1,4-benzohydroquinone, which shows similar mutagenic effects in V79 cells (1) , are toxicologically important metabolites of benzene.
